This paper describes the methodology, challenges and findings from a simulation modeling and analysis project dealing with the study of a complex power & free transportation system in a flexible manufacturing environment. The system under consideration transports six car body types through different stages of the production lifecycle (including body, paint and assembly). As production levels and product mix change, the interactions between different system parameters become too complex to analyze analytically. A simulation study was undertaken to identify bottlenecks and determine/improve the capacity of the P&F system at peak demand while validating various routing rules at key decision points.
INTRODUCTION
One of the most venerable and still one of the most frequent, uses of simulation in practice is the simulation of manufacturing systems (Miller and Pegden 2000) . In this venue, simulation studies can and do aid decision-making to improve efficiency in the face of complexities such as unpredictable downtime occurrences, duration of repair, fluctuation of demand, relative costs of carrying inventory versus stockouts, and complicated routing logic partially dependent on product mix. In any manufacturing context, and especially those wherein the product involved is heavy and bulky (certainly including motor vehicles), material handling and transport costs are a necessary and significant, yet non-value-added expense -a form of muda (Finch 2008) . Hence stochastic models, such as discrete-event simulation models, are of major value in examining logistical problems within the "four walls of a facility" (Heragu, Meng, and Zijm 2008) . Many contributions to the literature recently have documented the undertaking and value of simulation in improving the performance of material handling and transport systems within a manufacturing context.
For example, (Guasch, Figueras and Fonseca 2009 ) describe an analysis of a factory railway system used to transport hot steel coils within a steel factory. A study of logistics and transportation problems in a two-story job shop subject to highly seasonal demand is documented in (Farahmand and Balasubramanian 2002) . A comprehensive analysis of performance of automatic guided vehicle (AGV) systems supporting logistics within flexible assembly lines appears in (Hoff et al. 1997) . Examination of complex networks of conveyors with merging configuration within manufacturing operations is documented in (Jing et al. 1998) . In these traditions, the present study documents the simulation and analysis of a power-&-free conveyor system, charged with support of highly variable demand levels and complex product mix, in the automotive industry. Applications of discrete-event simulation in manufacturing systems can be classified in two categories: a) Based on the stage of the development of the design of the system. b) Based on the nature of problem to be investigated (Ulgen and Gunal, 1998) .
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In this paper, we will discuss the use of simulation techniques to determine bottlenecks in the complex working environment of P&F system. The P&F system transported car bodies from 5 different body shops to two paint shops, an intermediate prep shop and then to final assembly lines. Production levels of each body shop vary with shift and this causes severe demand fluctuations. Fluctuation in body shop production not only causes fluctuation in paint and assembly deliveries, but could also impact hanger availability at downstream body shops. Hence a fine balance between pick-ups and drop-offs is essential.
This project was run using the 9 step simulation methodology described in Figure 1 . Analysis revealed that there are twin bottlenecks in this system and there are several cases where this causes the classic deadlock situation in a closed loop system. Rules and guidelines to run the P&F system were refined using the simulation study. It is estimated that using the rules developed from the simulation model cut the need for manual intervention (mainly to resolve deadlock occurrences) by almost 70% compared to the current setup. The throughput of the system was increases to target levels through iterative analysis. 
SCOPE AND OBJECTIVES
The automotive manufacturing plant under consideration operates a power & free (P&F) system that transports car bodies in different stages of production between these different production shops. As the plant was planning to ramp up production and potentially include new models to its portfolio, the manufacturing teams wanted to understand the intricacies of this key material handling system. The core objective of the project was twofold.
• Validate the power & free system in terms of its capacity to meet current production requirements • Identify bottlenecks and develop a throughput improvement roadmap to meet future production levels at 652 paint shop deliveries per day Also, it was hard to analytically predict the magnitude of impact of higher production levels at each of the body shops on the P&F system. The manufacturing management team needed to develop strategic routing policies to ensure the drop lifts at the body shop were never starved of empty hangers as this would block the body shop production lines and thereby lead to a drop in the throughput. These decision rules had to also adhere to a set of inherent and rigid routing constraints in the P&F system operation. Additionally optimizing the inventory levels in the storage systems between the each body shop lines and the lift that loaded the P&F system was also significant both in terms of performance and cost.
OVERVIEW OF THE MANUFACTURING SYSTEM
A leading automotive manufacturer in India owns and runs a manufacturing plant that produces five models of utility vehicles for the local and international markets. The plant consists of five press & body shops, two paint shops and multiple final assembly lines. The power and free system used to transport car bodies between different shops had four major functions.
• Lift bodies in white (BIW i.e. un-painted bodies) from all body shop buffers using drop lifts • Transport the BIWs to the PTED shop • Move all bodies that have completed PTED to one of two paint shops • Deliver painted bodies from each of the paint shops to the respective final assembly line
The power and free conveyor consists of a single main chain on which there are hooks at regular intervals. Each of these hooks can engage a hanger that in turn carries a car body on it. In the current system, there are a total of 215 hangers on the P&F chain. Hangers can pick up or drop off car bodies using drop lifts that are available at each of the pick-up and drop-off points -i.e. end of each body shop line, start and end of each paint shop and PTED lines. There is also drop lift and at the entry to the assembly line and two drop lifts for delivery to indirect transport that moves some bodies to other plants. Figure 2 shows the high level process flow that is executed using the P&F system. The P&F system targets are set as described below.
• Deliver 324 painted vehicles to the final assembly line • Pickup 300 bodies of Body Type 1 out of the second paint shop • Deliver 725 vehicles to PTED out of which 73 are taken out to an external plant for assembly • Deliver 652 vehicles to both the paint shops combined Picking the right abstraction levels is vital to the success of a simulation project. The biggest challenge for a simulation engineer during the conceptual design phase of the project is modeling at the right abstraction level (Vasudevan et al. 2009 ). After due research, talking to several stakeholders and completing the analysis of required objectives, the abstraction level of the simulation model was determined. Including all the operational details of every system component would involve too much time and material investment and would not justify ROI for this simulation model. A conceptual model was developed that abstracted system details to a certain level maintaining all key details that are expected to impact key performance indicators. The scope of modeling was defined as the areas between the body shop's end-of-line buffers and included several system components going up to the drop lift that served final assembly. Critical aspects of operation such as shift patterns and drop/lift requirements at each body shop, paint shop and final assembly was considered in the scope of study. Several system constraints including capacities, rigid safety rules etc were also included in scope. The objective of the study was considered at every phase of the modeling effort to ensure that project time was not spent on modeling unnecessary detail. A SIMUL8 simulation model was developed that modeled several system components including:
• 
Devikar, Garge, Vasudevan, Welekar and Williams
The input data was organized in Microsoft Excel® spreadsheet to provide transparency and to facilitate what-if experiments along with ease in handling input changes. Using the Simul8® viewer tool and the Excel® input sheet, even non-simulation experts can conduct experiments and analysis without having to delve into the model. Several simul8 constructs were used to build the model. These included 'Work stations', 'Resources', 'Conveyors', 'Spreadsheets', 'Variables' and 'Labels'. In order to restrict/gate capacities of different sections of the system the model used 'Groups'. Power and free sections were built using a combination of machines and conveyors. This combination of elements was then used as a module which was repeated across the model to create the holistic system. Development of the model in re-usable modules cut development time significantly. Figure 5 below shows a screen shot of the completed model. Notice that the power and free system has been divided into segments for easy on-screen readability. The model also includes a dashboard to view key performance indicators as it runs. Model verification is performed using techniques such as visual screening, dry runs, code checks, break points; trace files and tracking single entities through the model. Also, verification is performed using standard methodologies on both on individual building blocks as well integrated model comprising repeated module elements.
The model is validated by comparing model output parameters with those recorded in the system over the three previous months. Parameters used for validation include hanger utilization, body shop production levels and buffer contents. Several validation meetings were organized to ensure that model trends and patterns matched patterns that the system experts were used to measuring. The base line model was confirmed as validated at a throughput level of 635 drops per day at PTED.
ANALYSIS AND RESULTS
The simulation model verified that the power and free system could meet the current production demands. However, meeting the new target production levels would require significant changes to the way the system was being run. Several changes to decision rules were also proposed that would enable the plant to keep the P&F system running in a delicate balance while avoiding deadlock occurrences. Several output parameters were recorded and written out to MS Excel® to allow detailed performance analysis. The base simulation model throughput averaged out at 635 drops at PTED. Analysis of this result was done by using following Time in State charts (TIS) and activity charts (samples shown in Figure 8 and Figure 9 ). The time in state charts for the base model indicate that there is considerable blockage at lift 12 which serves the assembly line. Since filled hangers get emptied at lift 12 and these empty hangers move to lift 1 to pickup bodies, blockage at lift 12 would cause a loss on the vehicle assembly line as well as loss in pickup of BIWs at the body shops. Blockage at lift 2 was a result of accumulation of empty hangers between lift 1 and lift 12. This in turn was result of piling of hangers between lift 1 and lift 6 cascading it up to lift 7. Similarly lift 7 was blocked because of accumulation of hangers till lift 15, which was a result of piling of hangers back till lift 12. This indicates an imbalance in the current system which can be attributed to excess hangers. This logical bottleneck analysis leads to the discovery of a closed loop bottleneck. Figure 9 marks this closed loops system and Figure 10 shows the logical analysis in a flowchart. Several experiments were conducted through a half factorial design and by considering investment constraints to try and improve system throughput to target levels. Figure 8 shows scenario results that summarize the throughput improvement roadmap. The model confirmed that by reducing number of hangers in the system, throughput climbs significantly. The sweet spot for number of hangers is 208 (which is a drop of 7 hangers from original levels). Dropping 7 hangers improves activities at PTED by 11 drops per day. Increasing body shop storage in steps increases PTED drops to the target levels -652 per day. Figure 9 shows the number of pick-ups and drops completed at each drop lift in the system (stacked bar represents activity in individual shifts). This chart helps us validate the performance requirements of the power and free system. The chart shows that the model with recommended changes is able to meet the target of 652 drops at PTED. Studying the variation in PTED drops over time in each shift ( Figure  10 ) helped the plant optimize PTED resources and balance production. The PTED is a key system because it links the critical body shops with the paint shops that are the design bottleneck in the plant. Figure 11 shows the time series accumulation of car bodies in the bodyshop buffer. Quantifying this accumulation pattern allowed the plant to size the storage system in such a way that body shop blockage could be minimized or eliminated. One of the throughput improvement action items to achieve target throughput involved expanding the sizes of two body shop buffers to reduce blockage and hence minimize hanger imbalances on the P&F system. A graph of full and empty hangers on the power and free system is also plotted (Figure 12 ) and helps quantify the variation and steady state numbers. 
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CONCLUSION
A complex power and free system that transports multiple car body types across production shops within a flexible manufacturing plant is simulated and analyzed. The analysis is used to calendarize action items to increase production from present day levels to a future target level. The bottleneck analysis reveals a congestion pattern in a critical closed loop system. Reducing number of hangers in the system reduces congestion and betters system performance. This counter-intuitive recommendation was the most important and highest impact finding of this simulation project. Several other key performance indicators were also presented to help understand and improve delivery performance in several parts of the power and free system. Decision rules and routing policies were also revised based on iterative experimentation and analysis. 
